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Abstract. We investigated the inﬂuence of channel migration and expansion on riparian plant species
diversity along the lower Colorado River near the United States–Mexico border. Using repeat aerial
photography in a GIS we identiﬁed and classed areas of low, moderate, and high disturbance frequency
caused by channel expansion and migration. Replicate vegetation plots (12m 12m) were sampled in
each of the three disturbance classes. One-way ANOVA was used to test for differences in species
richness, species diversity (using the Shannon–Weiner Index) and overall percent ground cover of plants
between the three disturbance classes. Regardless of disturbance class, plots were dominated by trees or
shrubs, especially the non-native Tamarix ramosissima, as well as Pluchea sericea, Baccharis salicifolia
and Salix goodingii. Clearly woody species constitute the great bulk of overall species richness, percent
ground cover, and species diversity (H0) in each disturbance group. No overall statistically signiﬁcant
differences were revealed among the disturbance groups for values of species richness, percent ground
cover, or the Shannon–Wiener Index, though paired contrasts of means revealed that total percent ground
cover on low disturbance plots was signiﬁcantly higher than on moderately disturbed plots. Spatial and
temporal variability in riparian diversity in the study area appears to hinge on factors other than dis-
turbance frequency such as salt or drought stress. Alternately, our results could be interpreted as sug-
gesting that in the presence of intensive ﬂow regulation, disturbance plays a secondary role to ecological
stresses, similar to that demonstrated by others. Intentional ﬂood pulses are advocated as a restorative
management strategy for improving plant productivity, management of exotic species (particularly
T. ramosissima), and restoration of overall biodiversity.
Introduction
Riparian ecosystems are among the most diverse, dynamic and complex biophysical
habitats on the terrestrial Earth (Naiman et al. 1993). Moreover, these ecosystems
attenuate ﬂooding, maintain elevated water tables, improve water quality, and thus
provide valuable human and ecological services (Patten 1998). The integrity of
riparian landscapes is maintained by disturbances (Gurnell 1995; Poff et al. 1997).
Because of its ecotonal nature and position in the landscape, riparian vegetation
experiences disturbances associated with both aquatic systems (e.g., channel
widening and alluviation) and uplands (e.g., ﬁre and windthrow) (Malanson 1993;
Johnson 2000). Of these disturbance types, those caused by ﬂooding are most
commonly researched (e.g., Barnes 1997; Bendix 1997; Pollock et al. 1998; Cowell
and Dyer 2002) and generally considered to be the most important in riparian
landscapes settings.
The role of ﬂood disturbance in governing riparian plant diversity has been ex-
amined by others, but as Bendix (1997) noted, with ambiguous results. When ex-
ploring relationships between ﬂooding events and riparian diversity, researchers
often use proxies for ﬂood disturbance (Ward 1998). Pollock et al. (1998) used
inundation frequency as a surrogate for disturbance and found maximal richness at
sites of moderate ﬂood frequency. However, Deiller et al. (2001) compared three
riparian sites with different ﬂood histories on the Rhine River and found maximized
diversity levels on the least frequently ﬂooded areas. Bendix (1997) demonstrated a
positive relationship between diversity and unit stream power on a tributary of the
Santa Clara River in southern California. In that study Bendix found a negative
relationship with the same parameter on an adjacent tributary. Several studies used
position within the watershed (i.e., headwaters, mid-reaches, lower reaches) as a
proxy for ﬂood magnitude (Nilsson et al. 1988, 1989, 1991; Decamps and Tabacchi
1992; Bendix 1997). Their research also yielded sometimes inconsistent results.
These and other disagreements in the ecological literature have caused some to
conclude that disturbance is not among the most important factors that affect species
diversity (Mackey and Currie 2001).
Researchers possibly have relied on surrogates for ﬂood disturbance rather than
direct disturbance measurements because disturbance is difﬁcult to quantify in
natural settings (Pollock et al. 1998) and awkward to map (Muller 1997).
Phenomena that cause mortality to one species may fail to do so to another. Dis-
turbances are not always visible, and the effect of the disturbance may be delayed.
Moreover, the distinction between stress and disturbance is somewhat arbitrary.
Despite the challenges of measuring ﬂood disturbance, the use of surrogates may be
inherently problematic. When using proxies for ﬂood disturbance such as unit
stream power and discharge magnitude, researchers assume a direct relationship
with disturbance. However, the disturbance induced by a ﬂood does not hinge solely
on ﬂood parameters. The degree to which a site resists ﬂood disturbance relates to
myriad variables, including, but not limited to: (1) size of substrate, (2) degree of
substrate imbrication, (3) particle shape and size, (4) phenology and age of the
vegetation, (5) moisture content of substrate, (6) cohesion of substrate and (7)
changes in channel geometry that occur during the ﬂood (USGS 1989). We feel that
some of the inconsistent results observed in ﬂood disturbance=riparian diversity
studies may stem from the use of disturbance proxies rather than direct disturbance
measurements.
Very few quantitative studies document the inﬂuence of dams and ﬂood discharge
alteration on plant diversity patterns in Sonoran riparian ecosystems (Stromberg and
Chew 2002). In this research we use repeat historical aerial photography and geo-
graphic information systems (GIS) to quantify and map ﬂood disturbance to riparian
vegetation on the Colorado River delta. Since a stream channel represents a mobile
zone where ﬂow occurs with sufﬁcient force and frequency to deter the presence of
riparian vegetation, it can be viewed as a zone of disturbance. In a GIS we delineated
the channel of the lower Colorado River on aerial photographs from different years
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and constructed a disturbance probability model (DPM) similar to the locational
probability model of Graf (2000). The DPM shows the likelihood that a given point
or area was disturbed by ﬂooding during the timeframe of the study. The DPM
coupled with vegetation data acquired by ﬁeld sampling allowed us to examine
patterns of plant species diversity associated with level of ﬂood disturbance. Results
of such research hold implications not only for theoretical understanding of the
processes and phenomena governing plant species diversity, but also for resource
managers who are increasingly using intentional ﬂood releases as a means of
restoring degraded riparian ecosystems.
Study area
This research was conducted on the limitrophe reach (i.e., situated along the in-
ternational boundary) of the lower Colorado River that ﬂows southward from
Morelos Dam to the Southern International Boundary (Figure 1). The approxi-
mately 30 km-long limitrophe reach is where the Colorado River ﬁrst encounters
Figure 1. Location of the study area along the limitrophe reach of the lower Colorado River.
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the deposits comprising its delta. It also functions politically as the boundary be-
tween the United States and Mexico.
Situated in the Sonoran Desert, the climate of the limitrophe reach is characterized
by extreme heat and aridity. Mean annual precipitation is approximately 6 cm (CI-
MIS 2002). Ambient air temperatures above 40 8C commonly occur during summer
months. Low precipitation and high temperatures yield annual pan evaporation rates
in excess of 2m (CIMIS 2002).
Historically, discharges of the limitrophe reach (drainage area 647,000 km2) were
highly variable and unpredictable. Flood ﬂows were occasionally in excess of
8500m3 s1 and as low as 0m3 s1 (Sykes 1937). Mean annual discharges were on the
order of 1.8 1010m3 (Cohen et al. 2001). Flow variability and unpredictability led to
the construction of many large dams on the mainstem of the Colorado River. These
dams afforded ﬂood and drought protection, and provided a source of renewable
energy. However, these dams were not without adverse ecological consequences.
Contemporary ﬂows through the limitrophe reach have been decreased by 75%
(Pitt et al. 2000). Most of the vast freshwater and brackish wetlands that blanketed
the Colorado River delta were reduced to barren mudﬂats or stands of the exotic-
invasive plant species Tamarix ramosissima (plant nomenclature according to
Hickman 1993). For accounts of the historic Colorado River Delta see Sykes (1937),
and Glenn et al. (1996, 2001). Flows to the limitrophe reach were especially rare
from the early 1960s to the early 1980s (Figure 2). This time span coincided with the
Figure 2. Discharges to the limitrophe reach 1960–2000. Discharge values shown here were obtained by
subtracting discharges from the Central Feeder Canal, located at Morelos Dam from releases across the
Southern International Boundary. Error in estimating discharges to the limitrophe reach is likely expressed
as an overestimation of ﬂow. Sources of error include losses to groundwater, evaporation and storage
behind Morelos Dam.
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ﬁlling of Lake Powell (storage capacity on the order of 1.9 1010m3) which was the
last reservoir constructed on the mainstem of the Colorado River. Since the ﬁlling of
Lake Powell, the hydrologic regime of the lower Colorado River has more closely
approximated the pre-dam regime (Figure 2). Numerous ﬂooding episodes have
restored riparian vegetation on the Colorado River delta, including the limitrophe
reach. These ﬂoods have typically been associated with El Nin˜o-Southern Oscillation
conditions yielding above average annual precipitation in the Colorado River basin.
Vegetation of the contemporary limitrophe reach consists largely of T. ramo-
sissima, Pluchea sericia, Populus fremontii, Salix gooddingii, and Baccharis
salicifolia. This type of riparian vegetation constitutes one of the most valuable
wildlife habitats in the lower Colorado drainage (Luecke et al. 1999). While only
about 100 ha of this vegetation type grows upstream of the Colorado River delta, the
delta sustains approximately 1800 ha (Zamora-Arroyo et al. 2001). Given the de-
monstrated resilience of this vegetation, government agencies in the United States
and Mexico are now considering the possibility of intentional ﬂood releases in-
tended to maintain and restore the riparian vegetation of the Colorado River delta.
Understanding how ﬂood releases affect riparian diversity in this area could help
tailor a ﬂood regime such that riparian diversity is maximized.
During the past 25 years, the stream channel of the limitrophe reach, comprised
largely of easily entrainable ﬁne sands, has adjusted its planform character to
episodes of high and low ﬂow primarily through channel expansion and contraction
(Tiegs and Pohl, in press). Channel expansion was sometimes signiﬁcant, with
channel width and area more than doubling in response to the extreme hydrologic
events of the early and mid-1980s (Tiegs and Pohl, in press). This and several other
episodes of widening constitute the principal source of ecological disturbance
investigated in this research.
Methods
There are two main components to the methodology we used in this research: (1) a
DPM constructed in a GIS from aerial photograph-derived polygons of the stream
channel, and (2) vegetation data gathered in the ﬁeld. The DPM estimates the
probability that each pixel in the model was occupied by the stream channel during
the study’s timeframe. Each pixel was classiﬁed as having a low, moderate, or high
probability of being occupied by the stream channel. We sampled 64 vegetation
plots with approximately 21 of them located in each disturbance probability class.
These vegetation data allowed us to calculate and compare the mean values of
species richness, ground cover, and diversity for each disturbance class.
DPM
Aerial imagery of the limotrophe reach was acquired from the Bureau of
Reclamation (Yuma Division) and the Environmental Research Laboratory at the
University of Arizona. The images represented six different years spanning
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1976–2000 (Figure 3). The year 1976 was the ﬁrst year prior to 1980 for which
aerial imagery of the limotrophe reach was readily available. Photographs were
scanned at a resolution of 600 dots per inch, consistent with the method of Graf
(2000), which yielded a resolution of approximately 0.4m.
Each of the approximately 200 aerial photos used in this study was registered to
1991 SPOT satellite imagery provided by the Bureau of Reclamation. This method
proved to be more accurate and less labor intensive than using 1:24,000 USGS
digital quad sheets as suggested by Graf (2000) because the particular quad sheets
utilized had few features in common with the aerial imagery. Features common to
both the SPOT imagery and the aerial photos included road intersections, buildings,
infrastructure associated with irrigation and trees. For each photograph approxi-
mately 35–40 ground control points were used. Each photograph was rectiﬁed using
bilinear interpolation in ERDAS Imagine and pixel size maintained at 0.4m.
Digitized polygons of the active channel were created from imagery mosaics. The
active channel is deﬁned here as an elongated area where streamﬂow occurs with
sufﬁcient frequency and force to discourage the presence of vegetation such that 90%
or more of this area is bare. Using absence of vegetation rather than a strictly geo-
morphological approach was used successfully by Gurnell (1995). On-screen digi-
tization was conducted in ERDAS Imagine at a scale of 1:5000. Vegetated
mid-channel bars are a common landform of the limotrophe landscape. Those greater
than 1.2 ha were digitized and excluded from the active channel. Those smaller than
Figure 3. Channel polygons from which the DPM was created. Boxes indicate areas where aerial imagery
was unavailable. Channel position within these boxes is only an estimation.
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1.2 ha, which did not collectively constitute a large portion of the study site, were
included as part of the active channel. Precise digitization of areas smaller than 1.2 ha
would have necessitated a change in the 1:5000 scale and thus would have com-
promised methodological consistency. With these techniques a polygon coverage
depicting the active channel was created for each photomosaic.
A DPM is a graphic representation of the most likely location and conﬁguration of
a stream channel. The DPM used in this study and methods used to create it are
closely modeled after the locational probability model of Graf (2000). The DPM can
be thought of as an overlay of stream channel polygons where numerical weights
(Wn) are assigned to the pixels of each polygon. These weighting values vary
positively and proportionally to the number of years represented by the photomosaic
from which the polygon was created. These weights allowed an estimate of the
amount of time each active channel conﬁguration persisted. The value of these
weights was derived in the method of Graf (2000).
Wn ¼ tn
m
;
where Wn is equivalent to the number of years represented by the given photograph
(tn) (i.e., the number of years separating it and the preceding photograph) divided by
the total number of years in the photographic record (m). Here m is equivalent to 24
(2000–1976), and so:
Wn ¼ tn
24
:
For example, the active channel polygon for 1994 was assigned a value of 0.25 since
six years separate (i.e., tn¼ 6) the 1994 imagery from that taken in 1988.
Each pixel of the ﬁnal locational probability map was assigned a P-value derived
from the equation:
P ¼ W1976ð Þ þ W1981ð Þ þ W1988ð Þ þ W1994ð Þ þ W1997ð Þ þ W2000ð Þ;
where P is the estimated probability that a given pixel was disturbed during the
study’s timeframe. If a pixel was never occupied by the stream channel and thus was
not disturbed it was assigned a P-value of 0.00. If a pixel was occupied by the
stream channel in each aerial photograph it acquired a P-value of 1.00.
Once P-values were obtained for each pixel they were classiﬁed by three equal
intervals as having a low (0–33%), moderate (34–66%) or high (67–100%) prob-
ability of being disturbed during the timeframe of the study. This classiﬁcation
scheme was chosen over others because it maximized inter-group differences and
minimized intra-group differences. The ﬁnal DPM is shown in Figure 4.
Signiﬁcant gaps exist in the 2000 aerial imagery due to errors that occurred when
these data were being gathered. Approximately 40% of the study area was not
photographically represented in that year. For this area, P-values were obtained
using the same methods outlined above, with the exception that W2000 was not used
in the equation for determining P-values. For further discussion on the implications
of these gaps see Tiegs and Pohl (in press).
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Vegetation sampling
Species richness and abundance data were gathered from 64 randomly selected
12m 12m plots. These data enabled a value of species diversity to be determined
for each plot. This value was derived using Shannon’s Index (Shannon and Weiner
Figure 4. Results from the DPM showing the estimated probability that a given area was occupied by the
active channel from 1976 to 2000.
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1949). Twenty-one plots were surveyed in the low and high probability classes,
while 22 plots were surveyed in the moderate disturbance probability class. Within
each plot, a list of species was compiled. A tally of this list yielded a species richness
value. Species abundance was determined by visually estimating the percent of
ground surface within each plot covered by each species. Estimates were made by
two observers and averaged for each species on the vast majority of plots sampled.
All plots were sampled from March through May, 2002 in order to ensure maximal
representation of herbaceous species.
The plot size proposed here is larger than the 100m2 plot size recommended by
Cain and Castro (1959; in Bonham 1989) for surveying vegetation consisting largely
of trees. A larger plot size was chosen in response to the often sparse nature of
limitrophe reach vegetation. A consequence of larger plot sizes is increased error in
estimating vegetation parameters such as frequency of occurrence and percent cover
(Bonham 1989). In order to minimize this error, each plot was subdivided into four
quadrants with estimations of percent ground cover separately conducted for each
6m 6m quadrant.
Plot selection was random and stratiﬁed by each disturbance group (i.e., low,
moderate, and high). This was done in a GIS by draping a 12m 12m grid over the
locational probability model. A numerical value was assigned to each cell in the
grid. Random numbers were drawn from a pool equal in size to the number of
12m 12m plots needed to cover the study area. These numbers corresponded to
the vegetation plots we surveyed.
Plot selection was also stratiﬁed spatially. Since the ﬂoodplain in the southern half
of the study reach is much broader than the northern half, most of the riparian area
occurs in the southern half. In the absence of spatial stratiﬁcation, most of the plots
would be located in the southern half of the study reach leaving the northern half
undersampled. Additionally, in having plots clustered at the southern end of the
study area, effects of spatial autocorrelation would likely have been pronounced. To
alleviate this condition, an equal number of plots were located within three sub-
reaches of the study site. These sub-reaches were delineated at cross-sections where
there was a distinct change in average active channel width. Each of the three sub-
reaches has approximately the same area. An additional effort was made to minimize
the effects of spatial autocorrelation by discarding a plot if it occurred within 100m
of another plot of the same disturbance class. This distance was determined after a
test for spatial autocorrelation of species diversity values was performed using
Moran’s I. Moran’s I values of two or greater are indicative of signiﬁcant auto-
correlation. Here Moran’s I was equal to 0.11 indicating an insigniﬁcant amount of
autocorrelation.
Once plots were selected we were able to determine the amount of time passed
since each plot was occupied by the stream channel (i.e., since it was last dis-
turbed). In order to explore this important idea we sought relationships between
species diversity, species richness and percent cover using linear regression
analysis.
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Data analyses
The salient difference between the many diversity indices that have been developed
is the degree to which they weigh species abundances over species richness. Because
of an observed dominance by T. ramosissima in riparian areas of the Colorado River
delta, we anticipated that differences in species richness between the three dis-
turbance probablility classes were controlled largely by species abundance. The
index developed by Shannon and Wiener (Magurran 1988) was chosen here largely
because it stresses abundance over richness (Huston 1994), and thus is useful in
comparing communities with few species. Further, the equation proposed by
Shannon and Wiener continues to yield the most widely used species diversity index
(Huston 1994). The index is calculated using the equation:
H 0 ¼ 
X
pi ln pið Þ;
where pi is the percent ground cover occupied by each plant species in a plot divided
by the sum of percent ground cover for all species found in a plot (Magurran 1988).
One-way analysis of variance (ANOVA) with a signiﬁcance level of 0.05 was
used to determine if the mean diversity values, percent ground cover values and
richness values among each disturbance group differ signiﬁcantly. All values for
species diversity and species richness were logarithmically transformed (ln [xþ 1])
to correct for any heteroscedasticity and non-normality (Zar 1999). Percent ground
cover values were arcsin transformed (Zar 1999). F-tables were consulted to de-
termine signiﬁcance among group means. Where signiﬁcance was found, pair-by-
pair contrasts were conducted with t-tests to identify which of the group means
differed signiﬁcantly from the others. The t-test was recommended over other tests
for sample populations of fewer than 30 (McGrew and Monroe 2000).
Using linear regression analysis (SPSS 1999) we tested for the strength of the
relationship between number of years since last disturbance and species richness,
percent ground cover, and species diversity (H0) for both herbaceous species and
woody species. Species richness and species diversity values were again logarith-
mically transformed, and percent ground cover values were arcsin transformed.
Results
Twenty-two plant species were encountered during vegetation surveys. Despite
being low, this value is a reasonable representation of the species-poor communities
that typify most of the upper Colorado River delta riparian zone. Of these species,
eight are woody (shrubs or trees) and 14 are herbaceous. Table 1 summarizes results
of the 64 12m 12m sample plots we surveyed. Sixteen, 12 and 21 species were
found in plots of low, moderate and high disturbance probability, respectively. Al-
most all species we encountered are native with the notable exception of T. ramo-
sissima. Occurring in 94% of the plots surveyed, T. ramosissima was the most
frequently encountered species within each of the three disturbance groups. This
exotic and invasive species occupied approximately 18% of the 9216m2 surveyed.
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Other non-native species were rarely observed. The most frequently encountered
native species was Pluchea sericea.
Table 2 shows mean values of richness, percent ground cover and the Shannon–
Wiener Index for both total species and for woody species in each disturbance
group. These values and their corresponding variance were used to perform ANOVA
tests. Clearly woody species contribute greatest to average species richness, percent
ground cover, and species diversity (H0) in each disturbance group.
No overall statistically signiﬁcant differences were revealed among the dis-
turbance groups for values of species richness, percent ground cover, or the Shan-
non–Wiener Index (Tables 3–8). However, paired contrasts of means revealed that
total percent ground cover on low disturbance plots was signiﬁcantly higher than on
moderately disturbed plots (55.1% v.s. 33.9%) (Table 2).
Table 2. Non-transformed mean values (SE) of species richness, percent ground cover, and the
Shannon–Wiener index (H0) for each disturbance group for total species (herbs, shrubs, and trees) and for
woody species (shrubs and trees).
Disturbance group Species richness % Ground cover H0
Total Woody Total Woody Total Woody
Low (n¼ 21) 3.3 0.4 2.5 0.2 55.1 7.8a 45.2 6.6 1.13 0.49 0.55 0.08
Moderate (n¼ 22) 2.6 0.4 2.2 0.3 33.9 5.6a 31.4 5.8 0.47 0.10 0.43 0.10
High (n¼ 21) 4.0 0.7 2.5 0.4 38.9 8.2 32.2 7.3 0.67 0.12 0.48 0.10
aSigniﬁcant difference in means (P< 0.05).
Table 3. ANOVA table for total species richness.
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.69 0.35 1.41 0.25
Within groups 61 15.02 0.25
Total 63 15.72
Table 4. ANOVA table for woody species richness.
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.22 0.11 0.57 0.57
Within groups 61 11.79 0.19
Total 63 12.01
Table 5. ANOVA table for percent ground cover (total species).
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.80 0.40 2.71 0.07
Within groups 61 9.03 0.15
Total 63 9.84
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Results of the linear regression analysis revealed a signiﬁcant negative relation-
ship between the number of years passed since last disturbance and species richness
(r2¼ 0.122, P¼ 0.005) (Figure 5(a)), percent ground cover (r2¼ 0.005, P¼ 0.005)
(Figure 5(b)), and species diversity (r2¼ 0.153, P¼ 0.001) (Figure 5(c)) for her-
baceous species. However, the low r2 values indicate a weak predictive relationship.
Further, we noted no signiﬁcant difference between number of years passed since
last disturbance and species richness (r2¼ 0.01, P¼ 0.432) (Figure 6(a)), percent
ground cover (r2¼ 0.016, P¼ 0.319) (Figure 6(b)), and species diversity
(r2¼ 0.0003, P¼ 0.888) (Figure 6(c)) for woody species.
Discussion
Researchers frequently invoke the intermediate disturbance hypothesis (IDH) to
explain spatially and temporally variable levels of species diversity observed in
nature. According to this hypothesis, ecological disturbances of intermediate size,
frequency and intensity promote high species diversity by allowing coexistence of
early and late successional species (Connell 1978; Huston 1979). Areas exposed to
low and high levels of disturbance harbor relatively fewer species because they are
dominated by competitive species and ruderals, respectively.
Areas exposed to moderately frequent ﬂood disturbances did not harbor max-
imum levels of species diversity, richness or percent ground cover in the time period
investigated. Similarly, no meaningful relationship was detected between patch age
Table 6. ANOVA table for percent woody ground cover.
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.46 0.23 1.91 0.16
Within groups 61 7.40 0.12
Total 63 7.86
Table 7. ANOVA table for the Shannon–Weiner index (H0) (all species).
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.58 0.29 1.89 0.16
Within groups 61 9.37 0.15
Total 63 9.95
Table 8. ANOVA table for the Shannon–Weiner index (H0) for woody species.
Source of variation Degrees of freedom Sum of squares Mean squares F-value P-value
Between groups 2 0.12 0.06 0.73 0.49
Within groups 61 4.98 0.08
Total 63 5.10
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and species diversity, richness or percent cover though, amount of time passed since
last disturbance is thought to govern species diversity (Connell 1978). Given that
riparian vegetation is exposed to a suite of disturbances afﬁliated with both wetlands
and uplands (Johnson 2000), it would seem well suited to investigations of dis-
turbance theory. However, some riparian zones may be inappropriate settings in
which to test hypotheses such as the IDH. As originally proposed, the IDH assumes
a transition from communities dominated by early seral species to competitive late
Figure 5. Relationship between number of years since last disturbance and: (a) species diversity, (b)
percent ground cover, and (c) species richness for herbaceous species.
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seral communities. Given the frequent turnover of dynamic ﬂoodplains like those of
the Colorado River delta, disturbance frequency may be sufﬁciently frequent to
preclude the establishment of late seral species.
In the case of the limitrophe reach, where most of the current riparian vegetation
was restored by ﬂooding subsequent to 1980, little of the vegetation surveyed was
older than twenty years. Given the magnitude of the disturbances caused by the El
Nin˜o-Southern Oscillation ﬂoods of the early and mid-1980s, virtually all of the
Figure 6. Relationship between number of years since last disturbance and: (a) species diversity, (b)
percent ground cover, and (c) species richness for woody species.
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vegetation is less than 20 years old. This may have been an insufﬁcient amount of
time for competitive processes to detectably inﬂuence levels of diversity. Baker and
Walford (1995) noted little difference in riparian richness on the Animas River in
Colorado between sites of 10 and 30 years old. Richness, however, increased
markedly in sites of approximately 60 years of age. In addition, signiﬁcant change in
community composition was not observed until vegetation had reached an age of
approximately 60 years. In light of this, it is perhaps not surprising that site age and
disturbance frequency had little inﬂuence on species diversity in our investigation.
The weakly negative relationship observed in our research can be explained by the
relatively few herbs encountered in low disturbance plots. Since high disturbance
plots are frequently found near the contemporary stream channel, the relatively large
number of herbaceous species observed in high disturbance plots can be explained
by their proximity to shallow subsurface moisture.
Figure 4 shows disturbance patches of varying size, shape and degree of
connectedness. In general, low disturbance patches appeared large, had high area-to-
perimeter ratios and were isolated from other low disturbance patches. High
disturbance patches appeared small, elongated and well connected to other high
disturbance patches. Moderate disturbance patches appeared intermediate in their
size and degree of connectedness. Patch size and amount of time since last dis-
turbance are thought to inﬂuence species diversity (Connell 1978). Large dis-
turbance patches are more prone to colonization by early-seral, r-selected species
that release many propagules capable of traveling large distances (Connell 1978).
Smaller disturbance patches are more likely to become colonized by competitive
species, the propagules of which originate from adults growing near the disturbance
patch. Disturbance patch shape, speciﬁcally its perimeter-to-area ratio, would seem
to govern species diversity in a similar fashion. Elongated disturbance patches, even
those of large areas, would seem to be susceptible to colonization by competitive
individuals growing near the disturbance patch. The area contained within more
circular-shaped disturbance patches would seem to require colonization by species
with propagules capable of traveling longer distances. These arguments may be
moot, however, given the dominance of the study area by r-selected species
with wind dispersed propagules capable of traveling large distances (e.g.,
T. ramosissima, P. fremontii).
Although we utilized more direct methods for measuring ﬂood disturbance than
much of the past research involving riparian vegetation, our DPM is only an
approximation of disturbance frequency. All major ﬂoods were bracketed by aerial
imagery; however, the aerial photography used in this study was of insufﬁcient
frequency to bracket every ﬂood event that occurred since 1976. In instances when
two channel polygons bracketed more than one ﬂood event (e.g., between 1997
and 2000) the ﬂoods were typically of low magnitude and short duration, and thus
the amount of disturbance they induced was likely minimal. These ﬂoods likely
caused minor channel widening rather than major shifts in channel location and
pattern. In the case of the two minor ﬂoods of the late 1990s, minor channel
widening likely occurred in areas that had only recently been encroached upon by
vegetation (i.e., these areas were likely deemed part of the channel on the 1994
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and 1988 aerial imagery). As such, had aerial coverage bracketed these smaller
ﬂood events, the likely effect on the DPM would have been to raise the P-values
of high disturbance areas and thus there would have been no change in the DPM
classiﬁcation.
The role of disturbance as a regulator of species diversity has been shown to play
a secondary role to ecological stresses in the presence of river regulation (Cowell
and Dyer 2002). Given the extreme aridity of the study area and the high salinity of
the agricultural return ﬂows that maintain limitrophe reach vegetation during non-
ﬂood years, drought stress due to groundwater decline and salinity likely govern
diversity levels. These stressors give competitive advantage to drought tolerant
T. ramosissima (Busch and Smith 1995; Glenn et al 1998). This species was shown
to outcompete P. sericia, B. salicifolia, P. fremontii, and S. gooddingii under con-
ditions of elevated salinity and drought stress (Stromberg 1998; Vandersande et al.
2001). These native species outcompete T. ramosissima, however, under ﬂooded
conditions (Stromberg 1998; Vandersande et al. 2001), and thus regardless of the
disturbance they induce, frequent ﬂoods could govern species diversity by causing
ﬂood stress to T. ramosissima and reducing salt stress to native species by alleviating
high soil salinity levels.
Conclusions
Most types of riparian vegetation in the American Southwest now cover only a
limited fraction of their former historical range due to human activities such as river
damming, discharge regulation, stream water diversions, livestock overgrazing,
ﬂoodplain development for agriculture and spreading urbanization, and watershed
degradation (Stromberg et al. 1996). In particular, aquatic ecosystems of the lower
Colorado River have been severely reduced or damaged by these human-related
activities (Briggs and Cornelius 1998). Intact riparian ecosystems provide rich
concentrations of biodiversity in arid regions. Historic reduction in areal extent and
quality of remaining riparian vegetation along the lower Colorado River mainstem
and delta has undoubtedly had a negative impact on biodiversity in this area. As a
result, some animal species that are riparian obligates have experienced signiﬁcant
population reductions. The southwestern willow ﬂycatcher (Empidonax traillii
extimus), western yellow-billed cuckoo (Coccyzus americanus occidentalis), Yuma
clapper rail (Rallus longirostris yumanensis), and least Bell’s vireo (Vireo bellii
pusillus) are endangered species on the U.S. federal list that occur in the overall
study area (Unitt 1987; Kus 1998).
Native plant species of the Colorado River delta have beneﬁted largely from ﬂood
events in recent decades (Glenn et al. 1996, 2001; Stromberg 2001). Despite results
of this research that suggest ﬂood disturbance does not play a major role in gov-
erning diversity levels between disturbance classes, these ﬂoods have likely elevated
gamma diversity (i.e., regional plant diversity) in the study area over the past two
decades. Although the contemporary hydrologic regime of the Colorado River delta
more closely approximates the pre-dam regime, it is an approximation nonetheless.
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If the hydrologic regime of the delta continues to gravitate towards the pre-dam
condition, future research may observe that disturbance plays an important role in
regulating riparian diversity. On the contemporary Colorado River delta, variability
in riparian species diversity through time and space appears to hinge on factors other
than disturbance frequency, such as salt or drought stress.
Stromberg and Chew (2002) advocate the role of ﬂood pulses as a restorative
management strategy for improving plant productivity, management of exotic spe-
cies (particularly T. ramosissima), and restoration of overall biodiversity. The eco-
logical gain acquired from intentional ﬂood discharges can be maximized
by exploiting the physiologic, reproductive and habitat differences between
T. ramosissima and desirable riparian species such as P. fremontii and S. gooddingii.
Conditions of high soil salinity coupled with drought stress to the riparian vegetation
of the delta appear to beneﬁt T. ramosissima at the expense of native plant species.
Future ﬂood releases to the delta, whether incidental or intentional, will certainly
improve native habitats and overall biodiversity. These ﬂoods will reduce the
competitive ability of T. ramosissima by providing native species with elevated
water tables and ﬂushing accumulated salts from the soil. The timing of ﬂood
disturbances caused by intentional ﬂoods could encourage native species and dis-
courage T. ramosissima, given that P. fremontii and S. gooddingii release their
propagules at different months of the year than T. ramosissima. Such discharge
pulses would also serve to restore herbaceous biodiversity by providing moisture to
various herbaceous species whose life histories are critically dependent on the
natural ﬂow regime. Further, pulse discharges play an important geomorphic role
in promoting patchy deposition of ﬁne- and coarse-grained sediments that are dif-
ferentially exploited by various herbaceous species.
Results of this research question the importance of disturbance level in regulating
species diversity in our overall study area. Alternatively our results could be in-
terpreted as suggesting that in the presence of intensive ﬂow regulation, disturbance
plays a secondary role to ecological stresses similar to that demonstrated by Cowell
and Dyer (2002). If this latter view is adopted, there is a clear need for a more
naturalized ﬂow regime on the Colorado River delta. More frequent ﬂood pulses will
beneﬁt native plant communities at the expense of T. ramosissima. Further, in the
presence of a more naturalized hydrologic regime, future research may observe that
the role of disturbance displaces that of stress as a governor of riparian diversity and
overall habitat.
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